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Differences in the work-hardening behavior are
attributed to differing initial and deformation
substructures of the ductile phase in the
directionally solidified condition and follow-
ing elevated temperature exposure. Premature
transverse cleavage of CuAl, lamellae produces
microvoids which then coalegce due to shear

or tensile failure of the -ductile phase
adjacent to the broken 1lamellae.
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ABSTRACT

Ambient temperature tensile yielding, flow, and fracture behavior have

been correlated with interface microstructure, matrix substructure and
fracture morphology in lamellar A]-CuAl2 of small lamellar spacing (~2u).
To examine structural stability, and the effect ¢f structural change on
deformation behavior, composites were subjected to temperatures in the

to 0.98T for periods up to 100 kours prior to

range 0,937

Futectic Eutectic

testing.

Elevated temperature exposure does not ¢ wwse any .ignificant changes
in stage I modulus, tensile yield point at the end of stage I, tensile
strength or fracture behavior. Linear work-hardening of the composite in
stage II is observed after elevated temperature exposure but not in the
directionally solidified condition. Physicochemical instability is
reflected in a coarseninag of the microstructure and faceting of the CuA]2
intermetallic; the lamellae romz2in aligned in the growth direction.

Tensile strength in the directionaliy solidified condition can be

predicted from the rule-of-mixtures provided the true 'in-situ' flow stress

of tne aluminum solid solution and an ‘'effective' volume fraction for the
reinforcing phase CuA]z are used. Differences in the work-hardening

behavior are attributed to differing initial and deformation substructures

of the ductile phase in the directionally sclidified condition and folliowing

elevated temperature exposure, Premature transverse cleavace of CuA]2
lamellae produces microvoids which then coalesce due to shear or tensile

failure cf the ductile phase adjacent to the broken Tamellae.
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I. INTRODUCTION

- A 4 o34 AN

Since the phases of a directionally solidified eutectic composite

IR

are essentfally in chemical equilibrium, the microstructure should

[y

be stable at elevated temperatures.(]) Observations on a number of
systems attest to the generality of this phenomenon; thermal stability
has been demonstrated in Al-CuAly, (?+3) A1-a1 i, 419 piops o, (11
Ni-Ni,Ti, (12 conteco, 13) ca-zn, ™) and Fe-cr-nb.(15)  towever,

eutectic composites are characterized by a large total interfacial

area which may promote physicochemical 1nstabi11ty54’]6) The total
interfacial energy per unit volume can be reduced by coarsening of
the structure, by the growtn of existing lower-energy interfaces at
the expence o1 existing highar-energy interfices, or by the formation

(4)

cf new Tower-energy interfaces at the expence of existing interfaces.

R GIGRI Tows SR ERRR L R RN A I A2 e AN

> 0.9 TEutectic but the coarsening of the structure does not lead

to significant changes in either the composition or amount of each

T

phase in the composite.

PRV T INEN

In the present study, attention is directed to the effects of

physicochemical instability and the associated structural changes

i 0k NSO 1 . % -
AR OTE AN A NN B T S W et

on the ambient temperaturse mechanicai behavior of Tamellar A]-CuA]Z.
A detailed correiation is made of tensile yielding, flow, and fracture
with interface microstructure, matrix substructure and fracture

morphology. Previously, Graham and Kraft(3) monitored the crystallo-

ot . , .
oz b jii.eugn‘.'\t\mm

¥
b | NI It ) LTI RELT R 1 54T OB P BT 0

graphy and kinetics of the coarsening process in this composite by

v :ans of x-ray diffraction and quantitative optical metallography.

A

]

1

I Physiccchemical instability is most pronounced at temperatures
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(17)

Takahashi and Ashinuma made in-vitu cbservations or electron-

transparent foils of Al-CuAl, at temperatures up to the euteciic

(548°C). Butcher et 53(18) attributed the spheroidization of the
lamellar structure under stress at elevated temperature (300°C and 500°C)
to a combination of diffusion and plastic flow. The possible reiation- . =t
ships betweer coarsening and charges in mechanic1 behavior have not

been examined.

(I, EXPERIMENTAL PROCEDURE -

A. Crowth of Eutectic Composites:

Eutectic ailoys were prepared from high-purity aluminum and
coppar. Homogenization and directional solidification were carried
out in a vertical graphite crucible (induction heating) under a dy-

namic argon atmosphere. Growth rates in the range 7-11ax per hour b

gave a lameliar structure (spacing < 2:) with two or three grains

in the 0,5in. dia. cross-section.

B. Elevated Temperature Exposure:

To assess elevated temperature structural stabiiity, the as-grown
composites in the form of tensile sperimens (section C)were subjected
to temperaturas of 490°C, 510°C, or 530°C for times in the range ..
10-100 hours in a dynamic argon atmosphere. Since TEutectic is 548°C,
these correspond to homologous tempcratures of 0.93TE, O.QSTE, and 0.98TE
respectively. After exposure, specimens were furnace-cooled to ambient
temperature in order to minimize residuai stresses, and to avoid any

solution-treatment of the aluminum solid solution phase.

W N2 N BB AL YIRS A s 1A DAL S 300 52OVl B Fan GV 5118 PV O RTLINA DA 9100 AL W AR T At 003 A L1501 TR AN, _ mwinkrm s 6 L Nl O A1 500 2 B h T P17 B bt AFRVLLIA LoTserr (VA W TNRIIE A SS AT AIEE 5L e S5\ 2O (ST 0 mmm.-m:mmm
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C. Mechanical Testing:

Two flat s1~bs (1.75* x 0.35" x 0.09%) were cut from each ingot

53R
AU ATINE NI XN

by means of a w.. 'r-cooled diamonC slitting wheel. Tensile specimens
(gauge length 93.5", width 0.24", thickness <0.09", shoulder radius

0.%*) were then greund from the slabs using a contoured wheel., After
electropolishing, SR-4 strair gauyes were attached to the broad-faces

~f th= pau,e section., Tensile tasts were performed in a standard
-1

ORI A A M A S
RN P AN

et

“trc mav irc at a cross-head speed of 0.002" min. The dynamic

(19)

3 LA NSk

odulus oy 73~ composite wa determined by the resonance technique.

BRI

D. Metallography:

.omposite structures were characterized before and after tensile
deformativi. in the directionally solidified condition and following
elevated temperature exposure. A combination of optical metallography,
electron fractography, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) was utilized.

Following standard procédures inciuding vibratory polishing,

specimens for optical metallography were etched in Keller‘s reagent

VIM.W T P dL Y TP R T o N T Y STV T T DT .
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gl e e A 7 a3 8 AL i ot B
-
—, z L B L A AP UFI
Mmmwwmzmwr Wh‘ anddhl o AN "
¥y

which darkens the CuA‘l2 phase. In order to delineate cracks in the

CuA12 phase, it was necessary to etch ir a solution of 5 drops of HF,

;
7
5
I
1
I
3
:

10 drops of HN03, 3ml, lactic acid and 80ml, water.(zo) No surface pre-

paration was required for the examination of fracture surfaces in the SEM

I

(JSM-2). Ordinarily fractures were viewed in the secondary electron

R B BN M GO e e e

image mode. In light of the 1imiting resoluticn of the SEM (-200°A),

PSSR VAL L APAN AR S e

it was found to be advantageous to prepare repiicas from fracture sur-

faces of composites in the directionally solidified condition. A two-

{ Jgﬁﬁﬁﬂﬂﬂﬂk;"
v YD Y

stage technique was followed which gave a fina! surface replica of
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silicon monoxide shadowed with gennanium.(ZI)

For TEM (JEM-120) slices ~0.090" x ~0.090" x ~0.040" were cut
from the composite with a diamond siitting wheel. Cuts were oriented
relative to the growth direction to give transverse sections (perpen-
dicular to the direction of growth) or longitudinal sections (parallel
to the direction of growth), Electron-transparent ¢pecimens were then
prepared from each slice by means of a combined jet-polishing and final
thinning sequence.(zz) Typically, electron-transparent areas were

~0.10" from the actual fracture surface,

ITI. EXPERIMENTAL OBSERVATIONS

A. Tensile Behavior:

Representative engineering stress-strain cirves for lamellar
composites grown at 9cm per hour are illustrated in figure 1. No
necking was observed prior to fracfure. from the dynamic resondnce
measurements and the initial slope cf each stress-strain curve, it
is concluded that Young's modulus is not affected by prior elevated

temperature exposure.

In the directionally solidified condition, there is a gradual

transition from stage I {in which the aluminum rich solid solution phase (a)

and the CuAlz(B) intermetallic both deform elastically) to stage II

(e still elastic but the o phase plastic). Work-hardening of the
composite is a function of strain. In contrast, stress-strain curves
after elevated-temperature exposure were always found tc give a Jis-
tinct change in slope at the end of stage I, and a work-hardening rate

in stage I1 that is independent of strain.

LX)
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Tensile properties of the lamellar ccmposites, with or without

N

prior elevated temperature exposure, are summarized in table I. It

is clear that the elevated temperature exposure has not brought about

any significant decrease in yield and tensile strength or strain to

fracture. This is both interesting and important in lignt of the

accompanying coarsening of the lamellar structure, section B. The re-

lative invariance of strength with exposure is further illustrated in

RO R A B LR S e S N SR N L £ i

figure 2.

8. Composite Structure:

(i) Directionally Solidified Condition

Optical micrographs of longitudinal and transverse sections

.‘v’,. oY -‘&‘.;,i;, 37

are compared in figure 3. The lamellar or transverse fauits TF in

R AT aR T

figure 3(b), and the longitudinal faults in figure 3(a} constitute a

local breakdown of the lamellar structure due to variations in Jrowth

conditions. Typical TEM substructures in both planar ard faulted re-

gions of transverse sections are illustrated in figure 4. A detailed

LA IR R AR A B A E S RS AR U NSV

i

analysis of these faults, interface disiocations, and low angle grain
(22-25)

YA,

baundaries has been made elsewhere, Dislocations in the a phase §

in the vicinity of the interface are attributed to the presence of residual
(25)

(thermal) stresses.

(ii) Following Eleve’ed Temperature Exposure

duitud

Structural changes accompanying elevated temperature exposure

A DAY RS SAL R i S R A A WM

are shown in figure 5, The coarsening is initiated at faulted regions,

figures 5(b) and 5(c). Though spheroidized after 100 hours at 530°C,

oo sisikinzninn
Ui st enkond LEKS

longitudinal sections show that the structure remains aligned essentially

parallel to the direction of growth, figure 6.
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A more detailed picture of the coarsening processes is gained
from the TEM study; representative micrographs following exposure at
530°C are shown in figures 7 and 8., These observations confirm that
coarsening initiates at faulted regions such as terminal lamellae
and show that the o platelets recede from the original fault line with _ ..
an accompanying thickening of adjacent 6 piatelets,fiqure 7(a). The
& preferred crystallography of the two phases is not altered during
coarsening and low-angle tilt boundaries are preserved in order to
maintain the original misorientations at the faults. In figure 7(c),
the receding o platelet carried the low-angle boundary along with it. ..
After 100 hours at 530°C the structure sphernidizes and faceting of the

9 phase is observed. Figures 8(a) and 8(b) compare the form of terminal

i
=
ps
P

£
=
3
i

e

lamellae before and after eleva.ed temperature exposure. SEM of

3 fracture surfaces confirms these microsturctural features of the coarsen-
E: ed structure and also illustrates the 4ncreased contiguity of the 6

2 intermetallic, section C.

The dislocation substructure in the a phase is relatively uniform,

figure 7. However, in comparison to the directionally solidified

SISPGSBS e RS A

condition (figure 4), the dislocation density is significantly higher
{figure 7). This higher dislocation density following elevated tempera-
ture expesure is tentatively attributed to plastic flow of the a phase

cn slow cooling in order to relieve residual stress. There is no evidence
of incoherent precipitation ip the o phase.

(§13) Deformation Substructure

Representative micrograghs of the deformation substructure
in the a phase of transverse sections cut from directionally solidified

composites tested to failure are {llustrated in figure 9. Similar dis-

location configurations are present in longitudina® sections.

Bl a3 R R R A P S K L S A A S AR AL AR A0
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Pattnaik and Lawley(zs) observed this form of deformation substructure
in the compressive loading of Al-CuAlZ.

Examples of the deformation substructure in composites tested
to failure following elevated temperature exposure are given in
figure 10, A uniformly high dislocation density is developed in the
a-phase; this is in contrast to the pseudo-cell structure present in the
a-phase of composites deformed in the directiona]ly-sd1idified condition,
figure 9. The interaction of glide dislocations in the o-phase with
irterfacial dislocations is seen in figures 10(b) and 10(c). Glide and
interface distocations could be differentiated by changing the conditiors

for diffraction contrast.

C. Fracture Morphology:

In tension, composite fracture surfaces are approximately per-
pendicular to the axis of loading. The microstructure in longitudinal

sections close to the fracture surface i illustrated in figure 11.

?
32
5

Directionally solidified composites exinibit transverse cleavage

i
AT
)

)
£

of 6 lamellae either at random or at a jocation of stress concentra-

o

y

b
et ey iy
-

tion e.g. adjacent to a broken & platelet, figure 11(b). Crossman et a](ZO)
have shown that cleavage of the 6 lamellae beginc in stage II and is
due to a specturm of strength levels of the lamellae., The density of

broken lameliae as a result of premature cracking is not uniform

SEAUA 4% 00 ) Db AL N
G s LN

throughout the composite; however, ir. the immediate vicinity of the
fracture surface, broken lamellae are always seen, figure 11{a).

Void coalescence then occurs either by matrix shear or by matrix necking,

figure 11(a).

-t

Elevated temperature exposure does not alter the mode of initiation

or propagation of fracture, figure 11(c) and 11(d), although the incidence
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of matrix shear between broken & lamellae is rare. Cracking is observed at

points of weakness in the coarsened structure, for example at cross-sec“ional

minima in the & platelets, figure 11(d). -
Electron fractography and SEM confirm these structural characteristics of

the fracture process. [Pepresentative electron fractographs (from two-stage

Mﬁ
R
e T T MLEAH L AL T b v oY § VNI 2100 PN M 2 0 BRI LR S

replicasj of the composite in the directionally solidified condition are
compared in figure 12. Transverse cleavage of 8 platelets and necking of the

a-phase to a knife edge is illustrated in figure 12(a). An example of trans- s

v¢ rse cleavage followed by shear of the a-phase is seen in figure 12(c).

Cleavage steps on the 6 phase can also be observed in some areas of the

fracture surface, figure 12(b). The specific surface detail on the CuAl2

phase is probably a function of the orientation of the 6 platelets relative

to the local path of fracture. -
Fracture surfaces of the coarsened lamellar structure were amenable to

direct observation in the SEM, figure 13. In figure 13(a) cleavage of the

8 lamellae is accompanied by necking of the a-phase to a knife-edge profile;

TSI ERTL YoR IV - ARL R TERT VYR TP BN S T A E RV AT AR E TR S T

this micrograph alse shows the prior recession of 8 platelets from the

originai fault line. Coarsening leads to bridging of the 9 lamellae and

enhanced contiguitr of the brittle intermetallic phase, figures 13(b) and

AT NS s 2aeds

ased

13(c). In this coarsened structure, the crack can propagate to adjaceat

AWEEL LI S ut

lamellae via the bridges. Garmong and Rhodes(zs) observe a similar mede of
failure in the ternary Al-Cu-Mg eutectic composite; the brittle CuMgA'l2 inter-

metallic fails ot weak points at low levels of strain.
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Iv. DISCUSSION

A. Composite Properties in the Directionally Solidified Condition:

R S APPSR T
e N v s At s &3

(i) Stage II Behavior

On the basis of the ru]e-of-mixtures,(27) the slope of the

stress-strain curve of the composite in stage II is given by:

P,
AT

EL(I1) = EVy + (G2 {1 -V,) _ (1)

where EC(II) is the secondary modulus of elasticity of the composite

h <;L\A“,"“)“"F“' ‘,' A . 1

EG is the Young's modulus of the & intermetallic

Ve is the volume fraction of the 8 intermetallic

PAHEDIRF S OO PN ORI AT A THANL ALY Y 500 UL NP R A A2 At LAY A0t

(%% o is the slope of the a-phase (matrix) stress-strain curve in the

uncombined state at the appropriate level of strain in stage II.

. (25)
= 0.475 and Eq has been determined as
4

In the A1~CuA12 binary eutectic, V
6

6

psi. The value of (do/de)u is not precisely known but is ~5 x 10

14.4 x 10
psi. Thus, (do/dc)a<< E, and equation (1) can be approximated to the form:

!
!
i
I
1
I
i
I
I
I
I E(11) = EgV (2)
I
i
I
[
I
I
I
I

2 R RS S
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The calculated value of EC(II) from equation (2) is 6.85 x 100 psi.
However, at the initiation of stage II, the observed modulus (figure 1) is 3

5x 106 psi. Since the error introduced by neglecting the second term in

AIRfra” (4 AL

equation (1) is small, the discrepancy between the calculated and observed
values of the secondary modulus EC(II) must reside in the parameter Ve‘

Specifically, the result implies that the effective volume fraction of tne

PO ¥ hia LANTS @ W

reinforcing phase 6 is lower than that caiculated from the phase diagram.(zg)

Using the observed modulus {5 x 106 psi) in equation (2) and taking Ee &s

14.4 x 105 psi, the effective value of Ve is 0.346; this is compared to the

Ve of 0.475 from the phase diagram,
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In order to explain observed strength levels in the Ag-Ge eutectic

composite, Krummheuer and A]exander(zs) introduce the concept of an effective

volume fraction for the reinforcing phase in stage II. The effective volume
fraction is less than the actual volume fraction in stage II deformaticn since o
over the transfer length, the reinforcing phase is not aole to carry as much

loid as the rest of the reinforcement length. In constrast,.the transfer length

in stage I is much smaller than in stage II so that Ve(effective) = Ve(actual).

(ii) Strength Level

Lamellar composit:s grown at a rate of 9cm per hou- exhibit
tensile strengths ~36,000 psi. The lower strengths obtained in composites .
growr at 1lcm per hour (table 1) are attributed to structural i:regularities,
orimarily variations in the thickness of the 8 platelets. This is probably .
a consequence of the inherent low value of the ratio 'temperature gradient

at solid/liquid interface: solidification rate'in tne crys:al crowing unit.

2 Under the appropriate conditions for growth, and with the «voicance of

major structural irregularities, the tensile strength of lamel™ar A]-CuA]2
increases with increasing solidification rate.(zg)
An accurate prediction of the tensile strength of the ~omMmsite is
possible from the rule-of-mixtures provided the effective vslu~» fraction
of the reinforcing phase and the true 'in-situ' flow stress of :he a-phase

matrix are known,

The furm of the rule-of-mixtures equation is then: --

&
HANIVICD FOL MDY aI B AL LI AL 300 A2 LN M el L 0 ¢ 5o b eacd £ DU TIRAL LEH 1 IBEDNA I S R O M o AR A M e L S AN S A R D I T U AN DTS MUY AL LS O RS AR

i
oc(UTS) = ce(UTS) Ve(Eff) + ou(l - Ve(Eff)) (3)
: 2
z
g
3
0.
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vihere oc(UTS) is the ultimate tensile strength of tne composite.

o, is the strength of the CuAl2 intermetallic at the

3]
fracture strain of the composite.
Ve(Eff) is the effective volume fraction of the .uA]Z.

o: is the ‘'in-situ’ flow stress of the matr x at the fracture

strain of the composite.

From a comparison of the tensile and compressive behavior of A]-CuA]Z, ancg

2
taking account of residual stresses, Pattnaik and Law]ey(‘s) phave shown that

c: is~ 13,500 psi. Assuring elastic behavior of the & phase to failure, with

Bowed Fowmd el D MEW KW we

a measured failure strain e. of 0.55 (table I), ce(= Eeef) is 80,000 psi.

Using Ve(Eff) = 0,346 from the previous section, equation (3) gives a

b

composite tensile strength of 36,400 psi. This is in good agreement with

the measured strength of composites in the directionally solidified condition

— grown at 9cm per hour, table I.

B. Hechanical Behavior Following Elevated Temperature Exposure:

A comparison of the stress-strain curves in figure 1 leads to the

following conclusions: (i) Young's modulus (stage I) and the stress level at

the end of stage I (i.e. the composite yield point) are not affected by the

prior elevated temperature expvosure; (ii) the work-hardening siope in stage

11 is a function of strain, cf., the directionally solidified condition;

(ii1) high temperature exposure does not have a significant effect on tensile

A VNS T M A U S 0 it 102048 S0 5SS L P LA O 8 n 1LH AW A A8 CLTH S R NN S KM I SO A LM R D ¥ P e PO SRR N NS LA I ST AR b

strength, figure 1 &nd table I.

R

Retention of arbient temperature strength foilcwing elevated temperature

1ike structure, exposure conditions (96 hours at 0.96 TE) were similar to those

selected in the present study. Hotwithstanding the difference in the scale of

the microstructure befcre and after exposure (figures 3, 5, and 6), tne

I exposure has been reported ir Nb-r{bzc(w) and Al-Al 3Ni.(4) In the latter rod-
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coarsened structure remains aligned essentially paraliel to the growth
direction and there is no change in the relative proportions of each
phase. It must, therefore, be concluded that in the coarsened condition
the integrity of the interface is preserved and efficient load transfer
to the reinforcing phase is possible.

Differences in work-hzrdening behavicr in stage II between directionally
solidified composites and those subjected to elevated temperature exposure
can be discussed qualitatively in terms of equation (1). For EC(II) to vary
with strain either (do/de)a or Ve must be strain dependent, where Ve is the
effective volume fraction of ithe 8 phase. Of these possibilities it is
considered that the matrix phase a is rasponsible and that Ve(Eff) is
relatively independent of strain up to fracture. The reasoning is as
follows: After 10 hours exposure at 490°C, the composite microstructure
is indistinquishable from that in the directionally solidified condition.
Yet this exposure gives rise to a constancy of (d°/d5)comp. with strain in
stage II. The effect of the elevated temperature exposure followed by slow
cooling is to modify the dislocation substructure in the a-phase; in turn
thi: influences work-hardening behavior. Specifically, in comparison to the
directionally solidified condition (figure 4), the dislocation density after
exposure is significantly higher, figure 7. Control of work-hardening in
stage Il of the composite by the hardening characteristics of the a-phase
is at variance with conclusions drawn by Hertzberg et a1(3]) on Al-CuAlz.
The siope of stage II was attributed to premature cracking of the 8 phase
with a subsequent inequality of strains in the « and 8 phases.(3])

The increase in interlamellar spacing due to elevated temperature

exposure is expected to decrease the 'in-situ' strength of the a-pnase.(zs)
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Since the average thickness of the & lamellae also increases, the strength

LN B LA DR

of the e phase may be expected to decrease. Retention of ambient temperature

strength (figure 1, table I) must therefore reflect an increase in the flow

Yar e PO B AR

stress of the a phase o;. This is consistent with the observed high dis-

location density in the undeformed « phase following elevated temperature

T

exposure, In a similar manner, the increase in strength of AI-A]3N1 ®ith

cold rolling was attributed to an increase in the flow stress of the aluminum

(5)

solid solution phase.

C. Interface Structure and Stability:

In the directionally solidified condition, deformaticn substructure
of the o phase (figure 9) is similar to that for compressive ]oading.(zs)
The substructure approximates a cellular configuration but with a higher
dislocation density at the interface than in the central regions of the

a lamellae., Associated interface dislocation - glide dislocation inter-
actions are expected to result in a high ‘in-situ’ yield stress of the

a phase, as observed and discussed in the previous study of A1-CuA12 in
compressive 1oading.(25) A value of 13500 psi for o: in equation (3) gave
good agreement between predicted and measured composite strength; this 'in-
situ' magnitude of c: is approximately three times higher than that of an
unconstrained a solid solution.

Tensile deformation of composites given prior elevatad temperature

exposure results in a high but relatively uniform dislocation density

AL AULTHNE Dt LA LRIV Y g Wi T VAR A R 7 s s KL AT, AT AT NGRS A IR0 X0 1L 03 oS (U TS S AT A A WS LAV AT S IR DK

across the o lamellae. The presence of interfacial disiocations in the

coarsened structure (figures 10(b) and 10(c)) shows that semi-coherency

is not cestroyed., These micrographs provide further proof of interaction

betveen glide dislocations in the o phase and 'misfit' dislocations at the

arrannd sl oty D4 38 X RV A 4 dwmandsty
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interface between the « and 6 phases. As discussed in the previous section,
the difference in substructure (before and after deformation) between the
directionally solidified condition and that following elevated temperature
exposure, is believed to be responsible for differences in work-hardening
behavior in stage II.

2 .
In comparison with other studies on A]-CuAEzgz") the results of this
investigation show that coarsening proceeded more rapidly. This is attributed

to -.he smaller interlamellar spacing (<$2u as compared to spacings in the -

range 5Su to 8u) and therefore larger interphasz2 area in our composites.

LML I AR (RS 2K 205 1 NS ot D L LA B o032 AN I LI LAY 2578 b i AR T T

In addition, the density of faulting tends to -increase with decreasing

spacing and this enhances coarsening. Prolonged high temperature exposure

.
P SETRTE ']

lezis to faceting of the 6 phase, figure 8(b). Since faceting results from

T

the anisotropic nature of interfacial energy, it is clear that the inter- -

YA L

AR

faces present in the directionally solidified cendition are not necessarily

those of minimum energv. Basically, this means that the excellent thermal

LEE LN 2 W3 T4 Fi VRTINS

stability of eutectic composites cannot be attributed to the presence of

S SR i

tidits

special low-energy interphase interfaces. Similar conclusions have been

drawn by Jaffrey and Chadwick(g’ for coarsening in the rod-1ike A]-A13Ni --

PV NTT I TR

eutectic composite.

LA MR TR

D. Fracture Mode:

The mode of fracture of A'I-CuA]2 is similar in the directionally
solidified condition and following elevated temperature exposure. In stage II

deformation, premature cracking of o6 platelets leads to localized void

RSP S S DT LR wEAL N A b B

formation. Cracks also appear in adjacent & lamellae due to stress concentra-

tions. Void coalescence to macrocracks involves shear of the a phase or tensiie

N AN BN YA 120

necking of the a phase between 8 lamellae, figure 11{a). Propagation of the :

unstable crack is followed by necking of the a phase to a knife edge, figure 12(a).
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Similar surface structures have been 'eported by Gerberich(32) in the fractiure
of notched aluminum-stainiess steel composites. Premature crackina of

(20,31) The observation

¢ lamellae i3 implicit in this form of failure mode.
of breaks in the & platelets well away from fracture surfaces in this Study
is proof of this phenomenon; these have been shown to be a result of tensile
deformation and are not present in the as-grown (directionally solidified)
condition, Recent studies on the fracture of A]-Cum2 Qhow that for hiagn
rates of solidification (+85cm per hour to 1000cm per hour) premature
cracking does not OCCur.(29’33) This is attributed to ‘whisker' behavior

of the fine scale 8 lamellae.

After elevated temperature exposure @& lamellae are interconnected by
bridaing {fiqure 13(t)), or by coalescence. Hence, a crack can propagate
readily to neighboring lamellae through the e phase. Ofticai metallography
reveals the premature crackina of 6 lamellae, figures 11(c) and 11{(d).
Cracking is observed at reduced cross sectional areas of 6 lamellae,

figure 11(d), however the total number of cracks in a given area is similar

to that after deformation in the directionally solidi~ied condition.

V. SUMMARY #ND CONCLUSIONS

1. Elevated temperature exposure of Al-CuA]2 (430~C to 530°C for periods up
to 100 hours) does not cause any significant chanoe in stage 1 modulus,

tensile yield point at the end of stage I, o tensile strength.

2. Linear work hardening of the composite to fracture in stage II is observed
after elevated temperature exposure. 1In contrast, work hardening is a

function of strain in the directiconally solidified condition.
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3. Tensile strength in the directionally solidified condition can be

predicted from the rule of mixtures if the ‘in-situ' flow stress of

L0 }-"‘,‘;‘:_‘.

¥

Nonl £ n R Disi o

the « phase and an effective volume fraction fcr the e reinforcement

are used. . ..

3 4, Differences in work-hardening behavior are attributed to differing

ML AU Ny

3 initial and deformation substructures in the o phase in the direction-

ally solidified condition and following elevated temperature exposure. -

AFLIIN/ AW Lediadck o3

; 5. Physicochemical instability is reflected in a coarsening of the micro- ) :
structure but the lamellar structure remains aligned in the growth - :
; direction. Faceting of the & phase is observed in the later stages of : ]
coarscening; it is concluded that interfaces in the directionally

2 solidified composite are not necesserily those of m*nimum energy.

FAAY

6. Tensile failure is not significantly altered by elevated temperature

RYAL N NS
N BN AT A n e

4 exposure. Premature transversc cleavage of 6 lamellae nroduces micro-

PO

voids, Shear or tensile failure of the a phase between broken @
Tamellae cause void coalescence followed by the propagation of un- ~e

stable cracks.
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Figure 1

Representative tensile stress-strain curves for
lamellar A1-CuAl, at room temperature in the
directionally solidified condition (DS) and
following elevated temperature exposure; growth
rate 9cm per hour.
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Figure 3
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Structure of directionally solidified composites grown at 9cm per hour -
optical metallography (a) longitudinal section; GB = grain boundary;
(b) transverse section; TF = transverse fault.
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Reproduced from

= (a) (b)
Figure 4

Structure of directionally solidified composites grown at 9cm per hour -
= TEM (a) transverse section; (b) transverse section; LGB = low angle
B grain boundary, 6 = CuA]Z.
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Figure 7

TEM showing coarsening in A]-CuA]Z; transverse sections; (a) 1G hours
at 530°C; {b) 10 hours at“530°C; (c) 100 hcurs at 530°C.
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(b) (c)
Figure 10

TEM - Deformation substructure in A]-CuA12 following elevated temperature
exposure (100 hours at 530°C); transverse sections.
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